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ANGULAR DISTRIBUTIONS FOR n+ ELECTROPRODUCTION AND THE PION FORM FACTOR* 
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Differential cross-section measurements for the reaction e -  + p - e -  + n  + at in the re- 
gion of the N*(1236) resonance are compared with the dispersion theories of Adler and 
Zagury at four-momentum transfers between 1.2 and 15.3 F - ~  using the pion form fac- 
tor as a free parameter. The results suggest a form factor similar to that of the proton. 

Extensive angular distribution measurements for  the reaction e -  + p  - e -  +n + 7it at  pion-nucleon cen- 
ter-of-mass  energies near  the ~ * ( 1 2 3 6 )  resonance have been made a t  the Cambridge Electron Accel- 
e ra to r .  The principal a ims of the experiment were to investigate the dependence of the pion form fac- 
to r  ~ , ( q ~ )  upon the square  of the four-momentum transfer,  q2, and to estimate the r m s  charge radius 
of the T+.  

Data were obtained a t  four-momentum transfers  near  1, 3, 6, 10, and 15 F-2 for  pion polar angles, 
O,*, between 0" and 50" c .m,  over a wide range of pion azimuthal angles, cp,. The experiment was 
performed in conjunction with the previously reported measurements1 of the reaction e -  + p  - e -  + p  +TO. 

The apparatus was identical to that described in Ref. 1 .  Electrons scattered f rom a liquid-hydrogen 
target  were detected in coincidence with positive pions o r  protons and momentum analyzed in a half- 
quadrupole spectrometer.  The positive pions and protons were detected behind a large-solid-angle 
sweeping magnet by a counter a r r a y  consisting of three  scintillation counters, a 144-bin scintillation- 
counter hodoscope, and a Plexiglas Cherenkov counter. Pions were separated from protons by means 
of pulse-height information recorded by an on-line PDP-1 computer. The details of the experimental 
analysis will be published e l ~ e w h e r e . ~  

The angular distribution for  single-pion electroproduction i s  given by 

where a, i s  the c .m.  solid angle for  pion detec- 
tion, we i s  the electron solid angle in the labora- 
tory, E' i s  the energy of the scattered electron, 
and E i s  the polarization of the t ransverse  com- 
ponents of the virtual photon. The kinematic fac- 
t o r  rT is defined in Ref. 1 .  

The f i r s t  t e r m  in the c ross  section, daT/di2,, 
is associated with the t ransverse  components of 
the electromagnetic field and reduces to the cor-  
responding photoproduction c r o s s  section a t  ze- 
r o  four-momentum transfer .  The second term,  
doo/dS2,, i s  associated with the sca la r  (longitu- 
dinal) components of the field and i s  sensitive to 
the pion form factor because of a large contribu- 
tion f rom the one-pion-exchange interaction. In 
the present measurement, th is  term, which is 
approximately proportional to FT2, is predicted 
to be between 37 and 68 4", of the observed c r o s s  
section, depending on the four-momentum trans-  
f e r  and c .m.  en erg^.^,^ Since du0/di2, i s  evaluat- 
ed in the Born approximation with smal l  final- 

' state interaction corrections, i t s  calculation is 
expected to be fairly reliable. 

The third term,  produced by interference be- 
tween sca la r  and t ransverse  amplitudes, i s  also 
sensitive to F,. Because the one-pion-exchange 
amplitude is real, i t s  interference with the reso-  
nant magnetic dipole amplitude i s  suppressed. 
Therefore, the s ize  of this t e r m  i s  sensit ive to 
the presence of smal ler ,  predominantly real ,  
t ransverse  background amplitudes and is a use-  
ful check on the theoretical models. On the other 
hand, the fact that the present measurements ex- 
tend over a wide range of azimuthal angles min- 
imizes the importance of this t e rm in the deter-  
mination of F,. 

The fourth t e r m  in the c r o s s  section is due to 
t ransverse  interactions and is expected to be un- 
important in the region of On* covered by this ex- 
periment. 

In o rder  to reduce the model-dependent e r r o r s  
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in the determination of the pion form factor, it 
would be useful to isolate the sca la r  c r o s s  sec -  
tion cloo/dS1, by varying the virtual photon polar- 
ization. Such an isolation was attempted recent- 
ly by Akerlof e t  a1.5 who measured the c r o s s  sec-  - 
tion a t  B,* = 0" a s  a function of E by changing the 
electron scattering angle. However, because of 
the extreme difficulty of large-angle electron- 
scattering coincidence measurements this isola- 
tion was not possible and i t  was necessary to 
rely on theoretical estimates4 of the t ransverse  
background daT/dn , .  

In the present experiment no isolation of the 
sca la r  c r o s s  section was attempted. The elec- 
t ron scattering angle was kept a s  smal l  as possi- 
ble in order  to  maximize the counting ra te  and 
maintain a polarization in excess of 97 u/,. Al- 
though the interpretation of the data is s t i l l  lim- 
ited by theoretical uncertainties, this approach 
has  permitted the measurement of the c r o s s  sec -  
tion over a large range of polar and azimuthal 
angles, and provides the f i r s t  detailed tes t  of 
the theories between 0,* = 0" and 50". 

The uncertainty in the calculated t ransverse  
c r o s s  section was estimated by comparing the 
the0 r i e s  with photoproduction data.6 The theo- 
retical  uncertainties suggested by such a com- 
parison vary between lt4 and i 3 2  % depending on 
the c.m. energy and a r e  approximately the same 
as those quoted by Akerlof e t  a l .  - 

The scalar- t ransverse  interference t e r m  r e -  
cently observed in the closely related reaction 

-- - 

e -  + p  - e -  + p  +rO, which is expected t o  be insen- 
sitive to F,, may indicate the presence of s im- 
i l a r  scalar  interactions in the n' reaction which 
a r e  not included in present theoretical estimates 
of duo/dfL,. However, the most probable expla- 
nation of this effect a s  an interference between 
the resonant s,' and M,' amplitudes7 would imply 
a contribution of approximately 5 % to doo/dfi, .  
We have therefore assumed an e r r o r  of +5  Y, in 
the scalar  c r o s s  section to  allow for  this proba- 
bility. 

Figure 1 shows 10 0/, of our differential c ross -  
section measurements, plotted a s  a function of 
pion azimuthal angle fo r  fixed pion polar angle. 
The angles a r e  defined in Ref. 1 .  The polar an- 
gle, O r * ,  i s  measured with respect to  the di rec-  
tion of the three-momentum transfer  q', and cp, 
is defined to be ze ro  in the electron scattering 
plane between q' and the direction of the incident 
electron. In addition to the statist ical  e r r o r s  
shown on the figure, each data se t  at fixed q2 
and c.m. energy has a normalization uncertainty 
of approximately i l O  Y,. Also shown in the figure 
a r e  the predictions of the dispersion theories of 
Adler3 and Zagury4 for several  values of the pion 
form factor?  

An examination of all the data indicates that the 
general features of the c r o s s  section a r e  predict- 
ed fairly well, but that there a r e  some signifi- 
cant numerical differences between the theories.  
Therefore, we have interpreted the data using 
both theories in order  to obtain an estimate of 

1 & 

q 2 = 1 5 2 8 ~ - '  

30 dn7 Q = 129 BeV 

FIG. 1. IT+ azimuthal angular distributions for fixed pion polar angle. The solid and dashed curves a r e  the theo- 
r i es  of Adler and Zagury, respectively, evaluated for the indicated values of the pion form factor. 
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Table I. Measurements of the pion form factor. 

q 2 ( ~ - 2 )  n-N cm 
F?l F?l 

Average Values 

Energy, W (Zagury) (Zagury) (Adler) (Adler) 
F?l Fn 

( BeV) ~ h .  Error ~ h .  Error (zagury) (Adler) 
- 

1 .19  1.22 0.96'0.15 20.05 0.93'0.05 20.02 

model-dependent uncertainties not included in 
the theoretical e r r o r s  discussed above. 

The results of fits to the data, using the pion 
form factor a s  a free parameter, a r e  presented 
in Table I. The e r ro r s  listed in columns 3 and 5 
a r e  purely experimental. Also shown a r e  esti- 
mates of the theoretical e r r o r  of each measure- 
ment, based on the comparison with photopro- 
duction data and the assumed rt5 % uncertainty in 
da0/dC2,. These e r r o r s  have been combined in 
quadrature with the experimental e r r o r s  and a 
weighted average for  F ,  has been calculated at 
each value of q2. The theoretical e r ro r s  were 
assumed to be completely correlated and consti- 

forward-angle ;r+ production i s  somewhat indi- 
rect, this procedure has not been a ~ p l i e d . ~  

The data shown in Fig. 2 indicate that the pion 
form factor i s  probably similar to that of the 
proton. However, the results a re  not precise 
enough to rule out the form-factor dependence 
suggested by the p-dominance model. 

The pion charge radius i s  related to the form 
factor by 

Shown in Fig. 2 a r e  slopes corresponding to Y, 
= 0.63 F (p dominance), 0.81 F (proton), and 1.0 

tute the major e r r o r  in the weighted values of 
F ,  shown in Table I and Fig. 2 .  A THIS EXPERIMENT (ADLER) 

1 0  
At q2 = 15.3 F-2 the difficulty of separating pi- ( r )  - 0 6 3 ~  THIS EXPERIMENT (ZAGURYI 

AKERLOF el a (ZAGUFiY) 
ons from protons restricted the analysis to c.m. 
energies near 1.29 BeV. In this region the esti- I -. -. 
mated theoretical uncertainties in the transverse ---__ i 

part of the cross  section a r e  expected to be al- 
( r )  ' l OF 

most a s  large a s  the scalar  c ross  section. 
04 

Therefore, no attempt was made to extract F ,  
above q2 =10.4 F-'. 

02 t \, p DOMINANCE 

We have considered the possibility of applying \ FT = GEP 

periment in our no resu1ts.l However, since the FIG. 2. Estimates of the pion form factor based on 
relation between large-angle r0 production and dispersion theory. 

first-order corrections to the data based on the 2 4 6 8 (F 
I 

discrepancies observed between theory and ex- o 0 I o 2 o 3 q z  ( k v 2 )  
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F .  In spite of the fact  that the precision of the 
form-factor values i s  presently limited by theo- 
retical  uncertainties, it s e e m s  very probable that 
the charge radius l ies  within the above limits. 

In order  to obtain a more quantitative estimate 
of the form-factor dependence and charge radius, 
the four values of ~ , ( q ~ )  obtained in this experi- 
ment using Zagury's theory and the three mea- 
surements of Akerlof - e t  al., which were also 
evaluated with Zagury's theory, have been fitted 
with a function of the form p,(q2) = (1 +q2/M2)-I 
with variable m a s s  M .  The best  f i t  value of M 
was 0.56 + 0.06 BeV, which implies r, = 0.86 
+ 0.09 F, a result  consistent with the behavior 
of the nucleon form factors,  but in ra ther  worse 
agreement with the hypothesis of p dominance. 
The minimum value of X2 was 9 for  s ix  degrees 
of freedom. 

The uncertainties quoted above contain esti-  
mates  of theoretical e r r o r s  s imilar  to those of 
Akerlof - e t  al.5 Additional q2-dependent e r r o r s ,  
not considered in Ref. 5, were estimated by corn. 
paring the values of M and Y, obtained upon fit- 
ting the form-factor values predicted by each 
theory. The results,  hn/l= k0.05 BeV and A r ,  
=*0.11 F, a r e  probably underestimates of the 
e r r o r s ,  since the two theories a r e  basically 
very similar,  but represent the only numerical 
estimate available a t  present.  Combining these 
e r r o r s  in quadrature with those quoted above, 
we obtain the following results for  the r m s  ra -  
dius of the n+ and the four-momentum transfer  
dependence of the pion form factor based on elec- 
troproduction experiments: 

r = 0.86 0.14 F, 

Estimates of the charge radius obtained by other 
methods a r e  rT < 3 F (n-e scattering),1° and Y, 

< 1 F (T-a, scattering) .I1 

In spite of the theoretical difficulties encoun- 
tered in the interpretation of electroproduction 
results,  we feel that th is  method will prove to 
t o  be a reliable tool for  the understanding of pi- 
on s t ructure .  The theory i s  being refined stead- 
ily12 and the extension of the measurements pre-  
sented in this Letter to higher four-momentum 
t rans fe r s  is completely straightforwardq2 
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